We report the results of optical in situ monitoring of the epitaxial growth of perovskite oxide thin films by an oblique-incidence reflectance-difference (OIRD) technique. Optical oscillation that corresponds to the growth cycle of an interrupted growth mode (monolayer oscillation) is observed. The monolayer oscillation shows different behaviors for layer-by-layer, Stranski-Krastanow, and three-dimensional growth modes. Optical interference oscillation is observed. The dependencies of the real and the imaginary parts of the bulk film's refractive index on the OIRD signal are discussed and illustrated with a three-layer stack mode. Thin-film complex refractive-index and highly accurate thickness measurements can be obtained by fitting of the interference oscillation.
INTRODUCTION
The engineering of various high-speed semiconductor devices requires precise control of the thin-film thickness and the interfaces of the heterostructures. Real-time monitoring of thin-film growth can provide information on growth mode, film thickness, and thin-film quality and can be used for feedback control of thin-film growth. Reflection high-energy electron diffraction (RHEED) is the most widely used method for monitoring thin-film growth. It has been routinely used to control thin-film growth on an atomic scale in molecular-beam epitaxy 1, 2 (MBE) and in laser MBE. 3, 4 One can obtain various kinds of information about the growing surface from the RHEED pattern and the intensity oscillations. However, the application of RHEED is restricted to high-vacuum environments. Optical probe techniques are noninvasive and nondestructive and can be used in any transparent ambient. Reflectance-difference spectroscopy 5, 6 (RDS), p-polarized reflectance spectroscopy, 7, 8 and spectral ellipsometry 9 have been applied for a decade to monitor surface process and bulk-film properties. RDS measures the sample anisotropy along various crystal axes. RDS can provide real-time monitoring of chemical composition, electronic structure, and surface kinetics of III-V group growth. p-Polarized reflectance spectroscopy measures the reflectivity of the p polarization of the probe light at the Brewster angle. It provides information on growth rate and bulk optical properties of a film and on nucleation and overgrowth kinetics of heteroepitaxial growth under steady-state conditions. 7, 8 However, most studies of these subjects were carried out on semiconductor materials. There are few reports of optical monitoring of the growth of oxides, except in Refs. 10 and 11, perhaps because of the structural and chemical complexity of the composition of perovskite oxides.
Previously, 10 the results of optical monitoring of SrTiO 3 homoepitaxy by an oblique-incidence reflectance difference (OIRD) technique were reported. The OIRD technique is a new type of reflectance-difference technique that measures the difference in reflectivity between s and p polarization. Unlike for the normal incidence of normal RDS, the probe beam of the OIRD is incident upon the substrate surface at an incident angle of approximately 83°-87°. The OIRD technique was used to study surface diffusion upon a metal surface 13, 14 and has been demonstrated to be sensitive to a relative change in reflectivity of ⌬R/R ϭ 1 ϫ 10 Ϫ5 and a change in coverage of ⌬ ϭ 0.02. 13 The conventional RDS is applicable only to those materials that have surface anisotropy, but the OIRD measurement does not have such a limitation, as was proved previously 10 by monitoring of the interrupted growth of SrTiO 3 homoepitaxy. In this paper we report the results of optical monitoring during the epitaxial growth of perovskite oxides under conditions of laser MBE. 4 Optical oscillation corresponding to the growth cycle (monolayer oscillation) is observed for the heteroepitaxy of Nb-doped SrTiO 3 upon a SrTiO 3 substrate in an interrupted-growth mode. 4 The OIRD intensity shows a response that is consistent with RHEED intensity for good two-dimensional (2D) layer-by-layer growth. It is interesting that the monolayer oscillation becomes weak and noisy for the Stranski-Krastanow (SK) mode 15 [a mixture of 2D and three-dimensional (3D) island growth], and the monolayer oscillation vanishes for the 3D island-growth mode. Optical interference oscillation is observed for heteroepitaxy. The amplitude damp-ing of the interference oscillation indicates optical adsorption by the bulk film. The damping speeds at different ambient-oxygen pressures permit monitoring of the relative oxygen content of as-grown thin films, as the optical absorption comes mainly from oxygen deficiency. Using a three-layer-stack, we show that the thin-film thickness and the complex refractive-index information can be obtained by fitting of the interference oscillation with Fresnel's equation for multilayers. The precision of the thickness monitoring can be at the unit-cell level because of the high signal-noise ratio of the OIRD measurement.
EXPERIMENTS
The measurements were performed in a laser MBE system 4 with a standard RHEED apparatus. The electron beam's incidence angle in RHEED is ϳ3°with respect to the surface plane, the so-called out-of-phase condition for RHEED measurement. A CCD camera is used to record the RHEED specular spot intensity. The optical setup of the OIRD is schematically illustrated in Fig.  1 . The laser probe beam, with a wavelength of 632.8 nm from a 4-mW linearly polarized He-Ne laser, is initially p polarized. It is modulated by a photoelastic modulator before it is incident onto the substrate surface at a glancing angle of ϳ7°(the corresponding incident angle is ϳ83°). The p-polarization component bisects the two principal axes of the modulator, and this produces a phase shift between the two components along the principal axes at a frequency of ⍀ ϭ 50 kHz. The maximum phase is set at , or 180°. The reflected beam is detected by a silicon photodiode, and the photocurrent goes into a Stanford Research Model 510 lock-in amplifier. The three parallel plates are adapted to adjust the relative intensity of the s-and p-polarized components to form a near-zero background. The monitored OIRD intensity can be given by 10, 11 
where r p ( RDS ) and r s ( RDS ) are the reflectance coefficients for p-and s-polarized light at incidence angle RDS and t p ( tilt ) and t s ( tilt ) are the total transmission coefficients for p-and s-polarized light, respectively, through the fused-quartz plates at a tilt angle tilt . J 2 (⌽) is a Bessel function of the second kind. With proper adjustment of the three parallel plates, a near-zero background intensity can be obtained when
We measured the relative OIRD intensity as given by (2) where I p0 ϭ 1/2J 2 (⌽)I inc ͉r p0 ( RDS )t p ( tilt )͉ 2 is the initial reflected intensity of the p-polarization component.
The film growth is kept in a so-called interruptedgrowth mode. 4, 12 In the interrupted-growth mode the deposition is periodically interrupted after a certain amount of material has been deposited onto the substrate. Interrupted growth can successfully improve surface and interface smoothness and has proved to be an important method for studying surface kinetics. 12 We define deposition and its following interruption as a growth cycle. In our experiments, only one unit-cell layer was deposited in each growth cycle. The number of laser pulses needed for depositing one unit-cell layer was determined by the continuous RHEED intensity oscillation. Pure oxygen was introduced into the growth chamber as a source of ambient oxygen. Other growth conditions are the same as those reported previously. The representations of deposition and interruption of the growth cycle are separated by dotted lines and are labeled. As shown in Fig. 2(a) , the growth is interrupted at the top of the RHEED intensity oscillation, indicating that the growth proceeds in a good layer-by-layer growth mode. The OIRD intensity shows almost consistent response with the RHEED intensity except for an opposite direction. There is a similar maximum value of the OIRD signal before the end of each deposition compared with the RHEED intensity minimum value, which indicates surface roughening at a lower surface coverage than half-layer coverage, followed by smoothing with increasing coverage. The OIRD intensity recovers to its initial value when growth is interrupted, as does the RHEED intensity. The OIRD response in a good 2D layer-by-layer growth condition can be explained as being a result of periodically changed surface morphology with a four-layerstack model.
10,11

RESULTS AND DISCUSSION
11
When the growth proceeds in a SK or a 3D islandgrowth mode, the OIRD intensity shows various responses, as in Fig. 3 . Figure 3(d) shows the optical interference oscillation for the heteroepitaxy of BaTiO 3 upon a niobium-doped SrTiO 3 (100) substrate (the doping concentration is 1 mol %). Figures 3(a), 3(b) , and 3(c) show detailed curves of the three positions as indicated by the arrows and the numerals 1, 2, and 3, respectively. The period of small oscillation corresponds to the growth cycle. The labels on and off indicate the start and interruption, respectively, of the deposition of each growth cycle. It is noticeable that the OIRD signal in Fig. 3(b) is of opposite sign to that in Fig. 3(a) . As indicated in Fig.  3(d) , there is a so-called turning point 7, 8 between points 1 and 2, as indicated by the arrows, after which the optical signal changes sign. The turning point was observed by Dietz and Bachmann 7 for p-polarized reflectance spectroscopy measurement of GaP grown upon a Si(100) substrate. The monolayer OIRD signal close to the turning point becomes weak and recovers when it is moved away from that point. We chose all three positions far from the turning point.
Because of lattice mismatch, the heteroepitaxial growth of BaTiO 3 upon a niobium-doped SrTiO 3 (100) substrate proceeds in a SK growth mode at first. As shown in Fig. 3(a) , the OIRD intensity goes downward during the deposition without a maximum value, which means that the surface continues to become rougher. When the deposition is interrupted, the surface smoothness begins to recover, as revealed by the recovery of the OIRD intensity. With increasing film thickness, the growth begins to be transformed from a SK growth mode into a 3D island-growth mode. As shown in Fig. 3(c) , the monolayer OIRD signal vanishes, which can be explained as a result of the surface morphology's not having effectively recovered during the interruption. From Figs. 3(a)-3(c) we can see the transformation of the growth mode from a SK mode into a 3D island mode. Figure 4 shows the optical interference oscillations for the epitaxial growth of niobium-doped SrTiO 3 (the doping concentration is 10 mol. %) upon a SrTiO 3 (100) substrate at several ambient-oxygen pressures. The three curves were obtained at oxygen pressures of 2 ϫ 10 Ϫ4 , 2 ϫ 10 Ϫ3 , and 2 ϫ 10 Ϫ2 Pa. The first property of the oscillations is that all the amplitudes damp with increasing thin-film thickness, indicating a nonzero imaginary part of the complex refractive index of the grown bulk film. Another is that the amplitude and the damping speed are much different for different ambient-oxygen pressures. As shown in the inset of Fig. 4 , the amplitude of the oscillation (we chose the second cycle for comparison) decreases with increasing ambient-oxygen pressure. Now we discuss the effect of the complex refractive index of the bulk film on the OIRD interference oscillations. The thin-film structure can be described as a three-layer stack (ambient-thin film-substrate), as shown in Fig. 5 . When the probe laser beam is incident upon the substrate surface, multireflection occurs between the surface-thinfilm interface and the thin film-substrate interface. A series of beams is reflected back to the ambient. The interference oscillation is an effect of interference of all the reflected beams. We used Fresnel's equations for a multilayer stack as described previously 16 to calculate the reflectivity of s and p polarization. By numbering the three-layer stack 0 for ambient, 1 for the thin film, and 2 for the substrate, we can denote the complex refractive index of the ambient, the thin film, and the substrate
The complex dielectric constant of each layer can be denoted k ϭ (ñ k ) 2 (k ϭ 0, 1, 2). The thickness of the film layer is denoted h. The reflection coefficient at the interface between layer k and layer k ϩ 1 (from layer k to layer k ϩ 1) is given by
where is the angle of incidence from the ambient. Considering the interference effects of all the reflection beams from each layer as shown in Fig. 5 , we can express the total reflectance coefficient in term of r k,kϩ1 as
with phase factors ϭ (2/)( 1 Ϫ 0 sin 2 ) 1/2 . ϭ 632.8 nm is the wavelength of the probe light in vacuum. The reflection from the initial surface is a simple reflection from a single interface (ambientsubstrate interface). The reflectance coefficients r p0 and r s0 are given by
respectively. The complex refractive index of the SrTiO 3 substrate at 632.8 nm is ñ 2 ϭ (n b , k b ) ϭ (2.38, 0.01), as determined by McKee et al. 17 The ambient is vacuum with a refractive index ñ 0 ϭ (1, 0). Then OIRD signals are calculated with Eqs. (2)- (6) as functions of thin-film thickness. 18 where f is the refractive angle in the thin-film layer. As is shown in Fig. 6(c) , the damping speed of the amplitude of the interference oscillations increases with higher k f , indicating enhanced absorption of the probe light.
According to the above discussion, one can calculate the thin-film thickness and the complex refractive index by fitting the experimental data. Figure 7 shows the fitting of the OIRD signal obtained at an oxygen pressure of 2 ϫ 10 Ϫ2 Pa, as shown in Fig. 4 The thicknesses are 490 Ϯ 5 and 495 Ϯ 5 nm, respectively. The fitting results show that the imaginary part of the refractive index is larger for lower-growth oxygen pressure. This study provides a method for real-time monitoring of the relative oxygen content of growing bulk film as well as of thin-film thickness and growth rates. As for thickness monitoring, the precision can be at unit-cell level, as can be judged from the high signal-noise ratio shown in Fig. 2 . The OIRD maximum intensity increase for the growth of one unit-cell layer can be obtained at the waist of the interference oscillations. A typical OIRD signal change for the growth of one unit-cell layer is 5 ϫ 10 Ϫ4 (Fig. 2) . We can improve the fitting accuracy of the film-thickness measurement shown in Fig. 7 by simply increasing the data-acquisition speed.
CONCLUSIONS
In summary, we have reported the results of optical monitoring by the OIRD method of epitaxial growth of oxides under conditions of laser molecular-beam epitaxy. The growth mode can be revealed by the monolayer oscillation corresponding to the growth cycle of interrupted growth. The OIRD response is quite consistent with the RHEED intensity oscillation for 2D layer-by-layer growth. In the SK growth mode, the OIRD shows directly upward and downward behavior without maximum values before the end of the deposition. And the monolayer oscillation vanishes for 3D island growth. A three-layer stack model was used to represent the surface structure. The interference oscillation for heteroepitaxy can be well fitted with Fresnel's equations for multilayers. The complex refractive index and the thin-film thickness can be measured. The precision of the thickness monitoring can reach the unit-cell level because of the high signal-noiseratio of the OIRD measurement. This study demonstrates that the OIRD is of potential use for monitoring growth mode, thickness, and complex refractive index of thin films.
